events include negative excursions in the δ 13 C record, suggesting that 13 C-depleted carbon was released into the ocean-atmosphere system (Dickens et al. 1995 , Zachos et al. 2004 , 2008 . The hyperthermal events caused severe environmental perturbations, such as increased rainfall and runoff on land, shallowing of the calcium carbonate compensation depth (CCD), and transient biological changes (Kennett and Stott 1991 , Bice and Marotzke 2000 , Schmitz et al. 2000 , Nicolo et al. 2007 , Stap et al. 2009 ). The recovery from these events was commonly driven by increased silicate weathering on land, which reduced the concentration of atmospheric CO 2 and caused seawater alkalinization (Jiang and Wise 2006 , Agnini et al. 2009 , Krishnan et al. 2014 , Penman 2016 .
Consequently, the Eocene hyperthermal events can be used as reference models to improve our understanding of ongoing climate change (Masson-Delmotte and Schulz, 2013) . The most prominent hyperthermal event, the Paleocene -Eocene Thermal maximum (PETM) has been thoroughly studied using calcareous nannofossils (Agnini et al. 2007 , Giusberti et al. 2007 , Raffi and De Bernardi 2009 , Gibbs et al. 2010 . Conversely, much less attention has been paid to shorter hyperthermal events, such as the Eocene Thermal Maximum (ETM) 2 and ETM3, despite the fact that their characterization is crucial to deciphering the potentially variable responses of calcareous phytoplankton to different global warming scenarios (Cramer et al. 2003 , Röhl et al. 2005 , Lourens et al. 2005 , Villa et al. 2008 , Kirtland-Turner et al. 2014 .
The aim of this study is therefore to redress the balance by analyzing one of the minor Eocene hyperthermal events, namely the Lutetian C21r-H6 event exposed at the Gorrondatxe section (Sexton et al. 2011 , Payros et al. 2012 . While previous studies carried out in Gorrondatxe have focused on physical and geochemical aspects combined with benthic foraminifera and ichnological data from seabed deposits (Payros et al. 2012 ), the present study aims to decipher the impact of the C21r-H6 event on calcareous nannoplankton (Coccolithophores) assemblages. In today's oceans, the abundance of Coccolithophores is largely dependent on factors such as temperature, nutrients, water stratification and pH (Wei and Wise 1990 , Aubry 1992 , 1998 , Bralower 2002 . Consequently, the environmental preferences of some calcareous nannofossil groups can be used to interpret Eocene environmental changes, including some on hyperthermal events (Monechi et al. 2000 , Orue-Etxebarria et al. 2004 , Tremolada and Bralower 2004 , Raffi et al. 2009 , Schneider et al. 2011 ).
Geological setting
The studied succession is exposed at the cliff of the Gorrondatxe beach (south-eastern coast of the Bay of Biscay, Lat. 43°23Ј N Long. 3°01Ј W; Fig. 1 ), which hosts the Global Stratotype Section and Point for the base of the Lutetian Stage (Molina et al. 2011 ). This section is part of a 2300-m-thick deep-marine sedimentary succession, which accumulated on a rapidly subsiding basin during early -middle Eocene times (Payros et al. 2006 ). Located at the bottom of a 1500 m deep gulf that opened into the Atlantic Ocean at 35°N paleolatitude (Smith 1996) , the area was part of the North Iberian continental margin. Despite the location, however, according to Eocene climate and ocean circulation reconstructions (Bice and Marotzke 2000, Huber and Sloan 2000), Gorrondatxe was not in an upwelling area.
The lower Lutetian succession is composed of alternating pelagic limestones and marls interspersed with thin-bedded turbidites, which form recurrent tripartite sequences, generally 10-40 cm thick, consisting of a basal thin-bedded sandy turbidite (with divisions Ta to Td of the Bouma sequence), its capping grey clay (division Te of the Bouma sequence) and a whitish pelagic mudstone (Payros et al. 2007 , 2009 , Payros and Martínez-Braceras 2014 . In addition, Payros et al. (2012) identified an anomalous interval (118-148 m in Fig. 2 ) characterized by a distinctively low carbonate content and increased abundance of turbidites and kaolinite. This interval is also typified by a Ͼ 1 ‰ decline in benthic foraminiferal δ 13 C followed by a gradual recovery, a distinct deterioration in foraminiferal preservation, high proportions of warm-water planktic foraminifera and opportunistic benthic foraminifera, and reduced trace fossil and benthic foraminifera diversity. Payros et al. (2012) interpreted that these anomalous charactertistics recorded a significant paleo environmental perturbation, which occurred within calcareous nannofossil Zone NP14 and lasted 226 kyr . Taking everything into account, they divided the Gorrondatxe section into four distinct intervals ( Fig. 2) : A) pre-event succession (0-118 m); B) core of the event (118-133 m), which records peak anomaly conditions; C) initial recovery (133-148 m); and D) aftermath of the event (148-200 m), which began with a transient overcompensation phase in which the pre-perturbation carbonate content and δ 13 C values were temporarily exceeded (148-158 m) but subsequently returned to normal environmental conditions.
B. Intxauspe-Zubiaurre et al. , showing chronostratigraphy, precession-driven mudstone-marl couplets, variations in the percentage of turbiditic and hemipelagic sediments, and their carbonate content. The kaolinite/smectite clay mineral ratio is plotted on a two-sided, symmetric semilogarithmic graph as the percentage of deviation from an assumed content in each mineral of 50%. Stable isotope (δ 13 C) results were obtained from both hemipelagic mudstones (whole rock) and from the benthic foraminifer Nuttallides truempyi. A, B, C and D correspond to the stratigraphic intervals defined by Payros et al. (2012) , which were attributed to pre-C21r-H6 deposits, core of the C21r-H6 event, subsequent recovery, and aftermath of the event, respectively. The succession studied herein extends from 98 to 180 m. Payros et al. (2012) correlated these short-term changes with the C21r-H6 event (Sexton et al. 2011 ), which was originally described as a hyperthermal event produced by a perturbation in the global carboncycle. The latter authors showed that in the tropical western Atlantic Ocean (ODP Site 1258) the C21r-H6 event is characterized by a 0.7 ‰ decrease in δ 13 C and a 0.4‰ decrease in benthic foraminifera δ 18 O, suggesting a 2°C warming of bottom waters. These stable isotope changes correlate with increased carbonate dissolution at 2000-3000 m paleodepth in the South Atlantic and Pacific oceans, pointing to a global increase in deep ocean acidity and a rise of the lysocline (Sexton et al. 2011 ). Payros et al. (2012 added that a coeval carbonate-barren interval also occurs in the western North Atlantic Ocean (ODP Site 647, Labrador Sea; Firth et al. 2012 ).
Materials and methods
An 82 m thick section of the Gorrondatxe succession, which corresponds to the interval from 98 to 180 m in Figure 2 , was sampled to study calcareous nannofossils. In order to obtain a complete record throughout the C21r-H6 event, the sampling included the uppermost 20 m of pre-event Interval A (98-118 m), , Interval C (133-148 m), the aftermath of the event in Interval D (148-158 m), and 24 m of the overlying succession (158-182 m). One hundred and twenty-eight samples were collected, but sampling resolution varied along the section. Thus, in most of Interval A (98-114 m) samples were collected every 80 cm. The spacing was reduced to 30 cm in the uppermost 4 m of Interval A and throughout . Sample spacing increased again to 80 cm in Interval C and the lowermost 14 m of . In the rest of the succession (162-182 m), spacing increased progressively from 1.4 m to 2 m.
Given that pelagic mudstones were too hard for the extraction of microfossils, all samples were collected at the transition from turbiditic grey marls to overlying whitish pelagic mudstones, where primary mixing and the addition of allochthonous specimens by turbidity currents are assumed to be minimal. The samples were dried in an oven and subsequently 4 mg were extracted and distributed homogeneously on a coverslip using the decantation method proposed by Flores and Sierro (1997) . The coverslips were then glued to smear slides using Canada balsam.
Smear slides were analyzed under a Leica DMLP transmitted light microscope at 1250X magnification. In this study, calcareous nannofossils include all heterococcoliths, holococcoliths and nannoliths incertae sedis. Several information sources were used for the classification of the calcareous nannofossil taxa (Plate 1). The taxonomy mainly follows the concepts in the reference work "Cenozoic calcareous nannofossils" (Perch-Nielsen, 1985) and in the updated online dataset Nannotax (http://ina.tmsoc.org/Nannotax3/in dex.php?dir=Coccolithophores). A list of all the taxa identified in Gorrondatxe, alongside their stratigraphic ranges and relevant references, is available in Appendix 1.
Mesozoic and Paleocene taxa were readily classified as reworked specimens. Recognition of some Eocene reworked taxa was also straightforward, as they were extinct by Zone NP14 times (e. g., Calciosolenia, Craticulithus, Ellipsolithus, Fasciculithus, Heliolithus, Hornibrookina, Neochiastozygus, Prinsius and Toweius) . However, the first appearances of some taxa which characterize Zone NP14 occurred earlier in the stratigraphic record, meaning that it was not possible to determine if they were autochthonous or reworked. For the purposes of this study, it was assumed that all NP14 taxa were autochthonous.
In order to characterize the calcareous nannofossil assemblages and detect rare species with biostratigraphic or paleoecological significance, around 500 specimens (autochthonous and reworked) were counted and classified on each smear slide. According to Denisson and Hay (1967) , this procedure guarantees the recognition of every taxon exceeding 1 % of the total assemblage. The reworked/autochthonous proportion was calculated by dividing the number of reworked specimens by the total number (autochthonous and reworked) of calcareous nannofossils (Fig. 3) .
Subsequently, the number of autochthonous specimens per mm 2 was calculated following the method below (Fig. 3) . First, the average number of autochthonous specimens on each field of view was counted and then, based on the area of the field of view and assuming that the sample had been homogeneously distributed, the figure was expressed as specimens per mm 2 . Additionally, in order to check whether dissolution affected the composition of calcareous nannofossil assemblages, the distribution of taxa susceptible to dissolution, such as Reticulofenestra minuta and Zygrhab lithus bijugatus, was analyzed (Adelseck 1973 , Bralower 2002 , Jiang and Wise 2006 , Raffi et al. 2009 ). For paleoceological purposes, the most common taxa, such as Reticulofenestra dictyoda, Reticulofenestra minuta and Coccolithus spp., were counted in one round. However, a second round was completed in order to count less common but environmentally significant taxa, such as Discoaster, Sphenolithus, Zygrhablithus, Chiasmolithus, Ericsonia, Neococcoli thes, Pontosphaera, Helicosphaera, Lanternithus, Braarudosphaera, Micrantolithus and Pemma. The percentage of paleoecologically significant taxa was calculated by dividing the number count of a given taxa by the total count of autochthonous specimens (Fig. 4) . Given that all genera with similar paleoecological affinities showed the same trends throughout the succession, they were grouped and represented together (Fig. 4) .
Results

Taxonomy and paleoecological significance
One hundred and thirty six taxa were found to be present in the Gorrondatxe samples (see Appendix 1), eighty-three of which were autochthonous, while fiftythree were reworked (Plate 1). Reticulofenestra made up ca. 60% of the assemblage. Large specimens (more than 5 μm), the majority of which had a narrow central area, were classified as Reticulofenestra dictyoda and interpreted as cosmopolitan (Okada and Honjo 1973, Honjo 1976) . Small reticulofenestrids (less than 5 μm) were attributed to Reticulofenestra minuta, which is generally interpreted as an r-type opportunistic taxon that blooms in upwelling zones (Hallock 1987 , Flores et al. 1995 . Coccolithus spp. is also abundant, but its paleoecological significance during the Eocene period is not clear (Aubry 1998 , Bown et al. 2004 . Discoaster spp., Sphenolithus spp. and Zygrhab lithus bijugatus are all considered warm and oligotrophic indicators (Garner and Bukry 1969 , Prins 1971 , Haq et al. 1977 , Wei and Wise 1990 , Aubry 1992 , Bown et al. 2004 . Their cumulative abundance was plotted as "warm and oligotrophic taxa" (Fig. 4) .
Pontosphaera spp., Helicosphaera spp., Braarudosphaera spp., Micrantolithus spp., Pemma spp., Pseudotriquetrorhabdulus inversus and Lanternithus spp. are considered inhabitants of epicontinental areas, rather than of open oceans, and were able to adapt to conditions in which some seawater characteristics, such as salinity and continental input, changed (Haq and Lohman 1976 , Wei and Wise 1990 , Winter et al. 1994 , Aubry 1998 , Cachão et al. 2002 , Khalil and Al Sawy 2014 . Their cumulative abundance was represented as "near-shore taxa" (Fig. 4) . The rest of the species identified (Appendix 1) constituted less than 1 % of the assemblage and were not considered relevant to the present study.
Stratigraphic variations in assemblages
Calcareous nannofossil preservation is generally medium to good in Gorrondatxe (Plate 1). However, some Discoaster and Zygrhablithus bijugatus specimens were found to be slightly re-crystallized. Although evidence of incipient dissolution was observed in some samples of Interval B, Zygrhablithus bijugatus and Reticulofenestra minuta are present throughout the succession ( Fig. 3) , showing that dissolution did not significantly modify the composition of the assemblages. The stratigraphic distribution of the most significant taxa is shown in figures 3 and 4 (see details in Appendix 2 for quantitative data). The number of autochthonous calcareous nannofossils per mm 2 decreased significantly from an average value of ca. 3169 specimens/mm 2 in Interval A to an average of 2257 specimens/mm 2 in Interval B, at the core of the C21r-H6 event (118-133 m; Fig. 3 ). The quantity increased progressively across Interval C (average of ca. 3254 specimens/mm 2 ) and the initial 10 m of Interval D (ca. 4034 specimens/mm 2 ), and then decreased to ca. 2664 specimens/mm 2 . Conversely, the proportion of reworked specimens ( Fig. 3) increased from 16.08 % in Interval A to 20.92 % in Interval B (peaking at 40 % in some samples) and 19.18 % in Interval C, decreasing again in Interval D (11.33 %).
The proportion of the most common taxa remained relatively constant throughout the succession, but increased slightly towards the top of the section. Reticulofenestra dictyoda made up an average of 24.85% in Interval A, 22.97% in Interval B, 24.26% in Interval C, and 27.94% in Interval D (Fig. 4) Warm and oligotrophic water taxa (represented by Discoaster spp., Sphenolithus spp. and Zygrhablithus bijugatus) did not vary greatly within the C21r-H6 event (Fig. 4) . They represented 13.7 % of the assemblage in Interval A, and slightly decreased to 11.56% in Interval B, 12.03 % in Interval C and 11.5 % in Interval D. The average content in "near-shore" calcareous nannofossils increased slightly from 3.46 % in Interval A to 4.04 % in Interval B, and decreased to 2.49% in Interval C and 2.4 % in Interval D. Interestingly, two significant peaks occurred within Interval B: the average value was 6.85 % between 118 and 119 m (peaking at 9.37 %), and 6.52 % at 125-126 m (peaking at 9.27 %).
Taking everything into account, the following five characteristics can be highlighted regarding the calcareous nannofossil assemblages of the C21r-H6 deposits in Gorrondatxe: i) the number of autochthonous calcareous nannofossil decreased; ii) the proportion of reworked specimens increased sharply; iii) the abundance of "near-shore" taxa showed two significant peaks; iv) the abundance of warm and oligotrophic taxa decreased slightly; v) the proportion of Reticu lofenestra dictyoda, Reticulofenestra minuta and Coccolithus spp. taxa did not show any significant variation. warming of bottom lying waters, leading to its classification as a hyperthermal event. This paleotemperature estimation could not be confirmed with oxygen isotope data from the Gorrondatxe section, as δ 18 O values were affected by diagenetic alteration during burial (Payros et al. 2012) . Despite this limitation, on the basis of an increase in the proportion of warm-water planktonic foraminifera throughout intervals B-C and the lowermost part of Interval D, warming of the Gorrondatxe sea-surface waters was deemed to be likely. However, warming over and above natural fluctuations could not be clearly demonstrated.
Similarly, the calcareous nannofossil data presented herein does not show any evidence of rising temperatures during the C21r-H6 event. Paleoecological interpretations derived from autochthonous taxa are not straightforward due to the high number of reworked specimens. However, it is significant that the abundance of warm and oligotrophic taxa did not increase within Intervals B and C, but rather decreased slightly. This suggests that temperature was not the main factor controlling the distribution of calcareous nannofossil assemblages in the Gorrondatxe area during the C21r-H6 event.
Integrated paleoecological interpretation
The most significant characteristics of the calcareous nannofossil assemblages found in the C21r-H6 deposits of Gorrondatxe are the decrease in autochthonous calcareous nannofossils per mm 2 , the increase in reworked taxa, and the two prominent peaks of "nearshore" taxa. These characteristics strongly suggest that seaward-directed currents transported a large volume of reworked material into the ocean, including terrigenous sediments.
The increase in terrigenous sediment supply caused both a dilution of calcareous nannofossils and a reduction in the abundance of autochthonous calcareous nannofossils. A greater terrigenous influx was in all likelihood driven by increased supply of fluvial freshwater into the ocean. Changes in salinity and density in shallow seawaters could, in fact, be responsible for the two peaks in "near-shore" taxa found in Interval B. The lowdensity shallow water masses probably did not mix with deeper saline waters, leading to seawater stratification. As an additional consequence, the abundance of warm and oligotrophic taxa, which theoretically should increase during hyperthermal events, did not show significant variations across the C21r-H6 event.
Interestingly, previous data from the Gorrondatxe section demonstrated that continental input did increase during Interval B of the C21r-H6 event: trace fossil and benthic foraminifera data indicated greater input of refractory organic matter and plant detritus, whereas sedimentological data showed a greater abundance of turbidites, clays and kaolinite (Payros et al. 2012) , which is commonly derived from (paleo)soils rich in iron (Chamley 1998).
The increased terrigenous sediment and freshwater input was related to the accelerated hydrological cycle, which intensified weathering and runoff on land. This scenario is similar to the models derived from other Eocene hyperthermal events (Barron et al. 1989 , Schmitz and Pujalte 2003 , Wing et al. 2005 , Held and Soden 2006 , Sluijs et al. 2009 ), some of which also concluded that the increased continental input boosted nutrient levels, leading to eutrophication of shallow seawaters (Bralower et al. 1995 , Thompson and Schmitz 1997 , McGonigal and Wise 2001 , Taylor and Macquaker 2011 . However, the Gorrondatxe data do not confirm seawater eutrophication, as small placoliths such as Reticulofenestra minuta, which become abundant in nutrient-rich environments, showed no significant variations. The cosmopolitan Reticulofenestra dictyoda did not show any variations either.
In conclusion, the calcareous nannofossil characteristics found at the C21r-H6 event can be attributed to the accelerated hydrological cycle on land and increased terrestrial input to the sea. Increased continental silicate weathering due to the accelerated hydrological cycle has been regarded as one of the main processes which consumes atmospheric CO 2 and drives seawater alkalinity (Jiang and Wise 2006 , Agnini et al. 2009 , Krishnan et al. 2014 , Penman 2016 . The resulting oceanic deposits are generally characterized by increased carbonate content and high δ 13 C values (Ridgwell and Zeebe 2005, Stap et al. 2009 ), similar to those found in the lower part of Interval D of the Gorrondatxe section. Therefore, the combination of sedimentary, geochemical and calcareous nannofossil data from Gorrondatxe confirms the key role of continental silicate weathering in restoring pre-event environmental conditions.
Timing of the event
The sharp decrease in the abundance of autochthonous calcareous nannofossils and of warm and oligotrophic taxa at 115 m, 3 m below Interval B, suggests that some of the C21r-H6 environmental changes could have started in the uppermost part of Interval A (Fig. 5) . Interestingly, Payros et al. (2012) showed that the abrupt drop in δ 13 C recorded in the lower part of Interval B was preceded by a gradual decline in the uppermost part of Interval A, along with a gradual decrease in the planktonic/benthic foraminiferal ratio, an increase in radiolarian abundance and a peak of the opportunistic benthic foraminifer Aragonia aragonensis. According to Payros et al. (2012) , the uppermost 3 m of Interval A represent 1.5 precession cycles, which lasted approximately 32 kyr. In line with these observations, similar decreases in δ 13 C and biotic perturbations also preceded the PETM, ETM2, ETM3 and H2 hyperthermal events by several 10s of kyr (Sexton et al. 2006 , Nicolo et al. 2007 , Stap et al. 2009 , Alegret et al. 2010 .
The abundance of autochthonous calcareous nannofossils, as well as that of warm and oligotrophic taxa, reached minimum values at 125 m, alongside a peak in abundance of "near-shore" taxa (Fig. 5) . Payros et al. (2012) showed that the abundance of opportunistic benthic foraminifers also peaked at 125 m. Furthermore, this level corresponded to the inflexion point in the stable isotope record, showing minimum values (Fig. 2) . These characteristics suggest that environmental conditions deteriorated progressively during the onset of the C21r-H6 event (115-125 m of Interval B), causing intensified warming, and accelerating the hydrological cycle and continental discharge to the sea.
The characteristics of the calcareous nannofossil assemblages gradually recovered from 125 m to 148 m ( 
Conclusions
Calcareous nannofossil assemblages of the Gorrondatxe area underwent significant changes during the C21r-H6 event. The abundance of autochthonous calcareous nannofossils decreased considerably during 80 kyr, whereas that of reworked specimens increased. However, the event did not cause drastic alterations in the composition of the autochthonous calcareous nannofossil assemblages. The abundance of warm and oligotrophic taxa decreased slightly and two prominent peaks of epicontinental taxa occurred. These characteristics, combined with a previously documented drop in δ 13 C and an increase in the abundance of clay minerals, especially kaolinite, support a scenario with intensified continental input, similar to that suggested for other ) and the updated subdivision derived from calcareous nannofossil data (right-hand side). The sea-surface perturbation began 32 kyr earlier than previously estimated (onset of Interval B) and was characterized by significant terrestrial input. Interval C represents the recovery phase, while Interval D corresponds to post-event deposits.
Eocene hyperthermal events (e. g., PETM, ETM2, H2, ETM3). It can be therefore concluded that the accelerated hydrological cycle during the C21r-H6 event led to intensified weathering and runoff on land, increased continental sediment and fresh water supply to the sea, and possibly caused stratification of the water column. These interpretations support the hypothesis that increased silicate weathering led to a progressive reduction in atmospheric CO 2 levels during the 178 kyr of the recovery phase. Molina, E., Alegret, L., Apellaniz, E., Bernaola, G., Caballero, F., Dinarès-Turell, Hardenbol, J., HeilmannClausen, C., Larrasoaña, J. C., Luterbacher, H., Monechi, S., Ortiz, S., Orue-Etxebarria, X., Payros, A., Pujalte, V., Rodríguez-Tovar, F. J., Toris, F., Tosquella, J., Uchman, A., 2011. The Global Stratotype Section and Point (GSSP) for the base of the Lutetian Stage at the Gorrondatxe section, Spain. Episodes 34 (2), 86-108. Monechi, S., Angori, E., Von Salis, K. 
References
